The prevalence of human obesity and related chronic disorders such as diabetes, cardiovascular diseases, and cancer is rapidly increasing. Human studies have shown a direct relationship between obesity and infertility. The objective of the current work was to examine the effect of diet-induced obesity on male fertility and the effect of obesity on susceptibility to chemical-induced reproductive toxicity. From 5 to 30 wk of age, genetically intact male C57Bl/6J mice were fed a normal diet or one in which 60% of the kilocalories were from lard. Obese mice exhibited significant differences in the mRNA of several genes within the testes in comparison to lean males. Pparg was increased 2.2-fold, whereas Crem, Sh2b1, Dhh, Igf1, and Lepr were decreased 6.7, 1.4, 3.2, 1.6, and 7.2-fold, respectively. The fertility of male mice was compared through mating with control females. Acrylamide (AA)-induced reproductive toxicity was assessed in obese or lean males treated with water or 25 mg AA kg À1 day À1 via gavage for 5 days and then mated to control females. Percent body fat and weight were significantly increased in mice fed a high-fat vs. a normal diet. Obesity resulted in significant reduction in plugs and pregnancies of control females partnered with obese vs. lean males. Serum leptin and insulin levels were each approximately 5-fold higher in obese vs. age-matched lean mice. Sperm from obese males exhibited decreased motility and reduced hyperactivated progression vs. lean mice. Treatment with AA exacerbated male infertility of obese and lean mice; however, this effect was more pronounced in obese mice. Further, females partnered with AAtreated obese mice exhibited a further decrease in the percentage of live fetuses, whereas the percentage of resorptions increased. This work demonstrated that diet-induced obesity in mice caused a significant reduction in male fertility and exacerbated AAinduced reproductive toxicity and germ cell mutagenicity.
INTRODUCTION
It is estimated that greater than 1 billion adults around the world are overweight (body mass index (BMI) greater than 25 kg/m 2 ) and at least one-third of this population has a BMI that exceeds 30 kg/m 2 , classifying them as obese [1] . While genetic predisposition, age, and environmental factors may contribute to a person's tendency to gain weight, it is generally accepted that the two primary causes of obesity are increased intake of energy-rich foods and reduced physical activity. It is well established that the higher the BMI, the greater the risks for humans to develop chronic diseases, including type 2 diabetes, infertility, hypertension, stroke, cardiovascular diseases, and cancer [2] [3] [4] [5] [6] [7] [8] [9] [10] . Obese and overweight men exhibit a high incidence of infertility in association with metabolic disturbances and hormonal dysregulation [5, [11] [12] [13] [14] . In order to investigate obesity and obesity-related illnesses, in vivo studies in mouse models have recreated this obesity phenotype primarily through genetic manipulation. Obesity was associated with infertility in the ob/ob mouse in association with leptin deficiency [15] [16] [17] . Subsequent studies then demonstrated that leptin replacement therapy rescued the sterility of genetically obese ob/ob male mice [17] . Experiments in obese mice possessing lethal yellow mutations (C57BL/6J-A y /a) demonstrated an association between reduced fertility, leptin resistance, and hyperleptinemia [18] . In contrast, high-fat diet consumption caused obesity in DBA/2J male mice; however, these mice exhibited no impairment in fertility despite enduring insulin resistance and hyperleptinemia [19] . On the other hand, female DBA/2J mice consuming a diet rich in fat developed obesity as well as reduced fertility in association with hyperleptinemia [19] .
Using the genetically intact C57BL/6J mouse model of dietinduced obesity, the current study was undertaken to assess the impact of obesity produced by the consumption of a high-fat diet on the fertility of male C57BL/6J mice. In a second facet of this study, we have investigated our hypothesis that dietinduced obesity may influence host susceptibility to environmental chemicals. A strong correlation exists between the etiology of some human diseases and exposure to environmental pollutants [20] , and it is conceivable that obese humans or individuals suffering from chronic pathophysiological conditions may exhibit varied responses to environmental pollutants. With obesity at epidemic proportions, we compared the reproductive toxic effects of orally administered acrylamide (AA) in lean and high-fat diet-induced obese mice. AA was selected because of the great potential for human exposure to this chemical. Recent reports showed that AA is present in baked and fried carbohydrate-rich foods, including French fries, potato chips, bread, and cereals. The concern over the potential for human exposure to this chemical through the consumption of AA-containing foodstuffs was compounded by the fact that AA is a known animal carcinogen, germ and somatic cell mutagen, and potent neurotoxicant [21] [22] [23] .
Earlier studies have shown a relationship among AA exposure, sperm toxicity, and dominant lethality in both mice and rats [23] [24] [25] . Furthermore, recent work in this laboratory using Cyp2e1 À/À mice demonstrated that AA metabolism to glycidamide via CYP2E1 is a prerequisite for AA-induced somatic and germ cell mutagenicities [21, 22] . In addition, increased expression of CYP2E1 has been reported in association with obesity, type 2 diabetes, and consumption of a high-fat diet [26] [27] [28] . It is our hypothesis that high-fat diet-induced obesity renders mice more susceptible to the bioactivation and toxicity of environmental CYP2E1 substrates such as AA. The novelty of the current work is the evaluation of reproductive toxicity, specifically, the assessment of dominant lethal mutations in diet-induced obese male mice exposed to orally administered AA.
MATERIALS AND METHODS

Chemicals
AA (CAS no. 79-06-1; .99.5% pure) was manufactured by Fluka Chemie GmbH and purchased from Sigma-Aldrich Laborchemikalien GmbH (Milwaukee, WI). All other chemicals used were of the highest commercially available purity.
Animals and Treatments
Male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Starting at 5 wk of age, groups of male mice were fed a diet in which either 60% kcal (high-fat diet) or 10% kcal (normal diet) was attributed to fat (D12492i and D12450Bi obtained from Research Diets, Inc., New Brunswick, NJ). Ad libitum consumption of diets occurred through age 30 wk. Female mice were fed the normal diet throughout the study. All animal care and experimentation were conducted in accordance with the National Research Council publication Guide for Care and Use of Laboratory Animals [29] .
Weight and body fat measurements were determined for male mice at age 30 wk just prior to use in the fertility studies. Body weight of female mice was also determined just prior to mating at 8-9 wk of age. Body fat composition of male mice fed a normal or high-fat diet was determined by dual-energy x-ray absorptiometry (DEXA) using the Piximus densitometer (GE Medical Systems, Waukesha, WI). During the analysis, mice were anesthetized using a mixture of 2.5%-3% isoflurane. This mixture enabled the quick recovery of each animal once removed from the densitometer.
Comparison of the Fertility and Reproduction of Mice Fed High-Fat and Normal Diets
Individually housed lean and obese mice at 30 wk of age were cohabited with three virgin female B6C3F1 mice (8-9 wk old) for a period of 5 days, after which males and females were separated. Every day during the cohabitation, females were examined for plugs as evidence of mating. Approximately 13 days after the last day of cohabitation, each female was humanely euthanized with CO 2 /O 2 , and uterine contents were carefully examined for the following endpoints: total number of implantation sites, number of live fetuses, resorptions, early and late dead embryos, and dead fetuses [21] . Live fetuses were humanely euthanized after examination. The aforementioned fertility study was repeated three times with different lean and obese male mice. The number of lean mice per study was 16, 22, and 35 (N ¼ 73) , and the number of obese mice per study was 16, 21, and 34 (N ¼ 71).
Comparison of the Reproductive Toxicity of AA in Lean and Obese Male Mice AA dosing solutions were freshly prepared and administered by gavage to groups of obese and lean males age 30 wk at 25mg/kg for 5 consecutive days. Dosing solutions were prepared in water at a dose volume of 5 ml/kg. Matching vehicle control mice were administered water at 5ml/kg by the same route.
Published studies from this laboratory, as well as others, have demonstrated a positive dose-response correlating an increasing percentage of resorptions per litter (an indication of dominant lethality), with escalating doses of AA (0-60 mg kg À1 day
À1
) administered intraperitoneally or by gavage [21, 23, 30] . The current dosage was chosen based on results from oral disposition studies conducted in our laboratory demonstrating enzyme saturation following daily gavage with AA at doses higher than 25 mg kg À1 day À1 . Moreover, sterility in wild-type male mice was observed following a consecutive 5-day treatment of AA at 50 mg/kg [21] . Subsequent studies in wild-type mice were performed in order to determine lower doses of AA that would induce dominant lethal mutations while preserving fertility at normal levels [21] and limiting possible complications of neurotoxicity [30] . Within the current work, age-matched vehicle controls from each group, obese and lean mice, were administered 5 ml kg À1 day À1 of water via gavage for 5 consecutive days. Because neurotoxic effects have been ascribed to AA exposure [31] , each male was cohabited with three virgin B6C3F1 females (8-9 wk old) for a period of 5 days beginning 48 h after the final dose of AA or water had been given. Female mice were maintained on normal diet throughout the study. Half-life determination studies have shown that AA is cleared from plasma within 6 h after dosing in mice, long before mating [32] . At the end of the 5-day mating period, females and males were separated and housed separately. Approximately 13 days from the last day of cohabitation, females were humanely euthanized with CO 2 /O 2 , and uterine contents were carefully examined as described above. Live fetuses were humanely euthanized after examination. This study was repeated twice, each time with different males. The number of lean male mice per study in the vehicle-treated group was 16 and 22 (N ¼ 38) , while the number per study of vehicle-treated obese and AA-treated lean and obese mice were 16 and 21 (N ¼ 37) for each group. Results from both studies were comparatively similar and, therefore, the data were pooled and presented.
Fasted Serum Glucose, Cholesterol, Triglycerides, Insulin, Leptin, and Testosterone Measurements Under CO 2 /O 2 anesthesia, whole blood sampled from the retro-orbital venous sinus was collected in BD Microtainer Serum Separator Tubes (Becton, Dickinson, and Company, Suwanee, GA), allowed to clot at room temperature, and centrifuged for serum harvest. Biochemical variables (serum glucose, triglycerides, and cholesterol) were measured in all serum samples on an Olympus AU400e Clinical Chemistry Analyzer (Olympus America, Inc., Irvin, TX) using reagents obtained from the instrument manufacturer. Serum insulin and testosterone were determined using a radioimmunoassay kit obtained from Linco Research (St. Charles, Missouri) on an Apex Gamma Counter (ICN Micromedic Systems, Inc., Huntsville, AL). Serum leptin concentrations were determined using a Sector Imager 2400 Multi-Spot multiplex kit from Meso Scale Discovery (MSD; Gaithersburg, MD). Mouse-specific reagents for detection of leptin were acquired in the MSD Multi-Spot multiplex kits, and procedures were obtained from the instrument manufacturer.
Cauda Epididymal Sperm Count Measurements
Male C57BL/6J mice age 30 wk were weighed and anesthetized. The left testis, epididymis, and vas deferens were immediately removed. The testis was weighed following its dissection from the epididymis and fat. Subsequently, the epididymis and vas deferens were dissected away from the fat, and both were weighed independently. In a 12-well plate, the epididymis and vas deferens from each animal were placed in a well containing 1.0 ml of M2 buffer. Using a watch glass and tweezers, any remaining fat and blood vessels were removed from both the epididymis and vas deferens. The epididymis was then cut at the junction between the corpus and cauda epididymis, and the cauda was placed into a well with 1.0 ml of M2 buffer. Several cuts were made in the cauda epididymis with scissors, and sperm was gently pressed. Sperm was also expressed from the vas deferens in a separate well and then removed from the plate. The pressed sperm from the cauda epididymis was then collected in an Eppendorf tube. Using a hemocytometer (15 ll per side), sperm counts were determined as number of sperm per microliter.
Sperm Motility and Progressive Measurements
Quantitative parameters of sperm motility were determined by computerassisted sperm analysis (CASA). Sperm from the cauda epididymis were incubated in 1.0 ml of M2 medium at room temperature for 30 min and loaded into CASA assay chambers (Hamilton Thorne Research, Beverly, MA). Sperm tracks (1.5 sec, 30 frames) were captured at 60 Hz and analyzed using HTM-IVOS Sperm Analyzer software (version 12.2L; Hamilton Thorne). The parameters during measurements were: minimum contrast, 30; minimum cell size, 4 pixels; straightness threshold, 50.0%; path velocity cutoff, 10.0 lm/s; progressive minimum path velocity, 50.0 lm/s; static head size, 0.13 to 2.43; static head intensity, 0.10 to 1.52; and static elongation, 5 to 80.
To prepare the hyperactivated sperm, sperm were allowed to disperse into 1.0 ml PBS for 5 min at 378C. After a brief low-speed centrifugation (100 3 g for 15 sec at room temperature) to remove debris, the sperm were centrifuged at 500 3 g for 8 min at 48C and resuspended in 2 ml of M16 medium (Sigma), and EFFECT OF DIET-INDUCED OBESITY ON MALE FERTILITY the aliquots were either processed as below or incubated at 378C in 5% CO 2 / 95% air for 1.5 h. Hyperactivated sperm were measured using the following sorting parameters: track speed .170 lm/s, amplitude of lateral head displacement .9.0 lm/s, and linearity ,30%.
Testicular Gene Expression: RNA Preparation and Quantitative RT-PCR
Total RNA was isolated from total testicular extracts of 30-wk-old untreated obese or lean mice using TRIzol Reagent (Invitrogen, Carlsbad, CA) and purified with the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The total RNA yield and quality was evaluated by measuring its absorbance at A260/A280. The first strand cDNA was synthesized by using RT 2 First Strand Kit (SuperArray Bioscience Corporation, Frederick, MD) with 1 lg of total RNA in each reaction. The cDNA was amplified by PCR using RT 2 Real-Time SYBR Green PCR master mix (SuperArray) according to the manufacturer's instructions. The expression profile for each gene was determined using the comparative C T method. Normalization was established by subtracting the endogenous control or reference (an average of four genes) from the C T values of each gene in the array to get DC T . Calculation of DDC T was the difference in the DC T of genes expressed in obese vs. lean mice. The final gene expression levels were reported as fold change ¼ 2 ÀDDCT . Gene expressions were considered significant at values with fold changes 6 1.5 and P 0.05. All studies were done in triplicate.
Statistical Analysis
Selecting the appropriate unit of analysis was the initial step in the assessment. Because males were mated to more than one female, it was possible for litter data to be ''overdispersed,'' that is, the variability of litters across males could be substantially greater than the variability of litters within males; in this case the unit of analysis would be the male. On the other hand, if the variability of litters across males is no greater than the variability of litters within males, the litter could be considered the unit of analysis. A test for overdispersion across males was conducted on pregnancy rates and on each litter characteristic, and no significant over-dispersion was detected. Therefore, the litter was considered to be the unit of analysis.
Body weights of adult males and females were approximately normally distributed and were compared between groups using two-sample t-tests. Pregnancy rates were compared between groups using chi-square tests, or Fisher's exact test when frequencies were small. Number of implants per litter and numbers and percentages of live births, resorptions, and dead fetuses per litter were compared between groups using Mann-Whitney tests.
RESULTS
Body Weight and Body Fat
A significant difference in body weight was observed in male C57Bl/6J mice consuming the high-fat diet in comparison to age-matched littermates eating a normal diet. Mice consuming the high-fat diet swelled to weights averaging 50 grams at 30 wk of age, whereas littermates on the normal diet at the same age averaged 36 grams (Fig. 1) . Body fat percentages were also significantly higher in high-fat-fed vs. normal-diet-fed 30-wk mice, averaging 36.4% and 25.6%, respectively (Fig. 1) . Therefore, mice fed a normal diet were classified as lean and mice fed a high-fat diet were classified as obese throughout the study. 
Effect of Diet on Copulation and Fertility
Female B6C3F1 virgin mice that were partnered with obese male mice exhibited significantly reduced numbers of plugs and pregnancies, in contrast to female mice mated with lean males (Fig. 2) . The distribution of plugs between females mated with lean and obese mice was 61.9% and 13.7%, respectively. Subsequent pregnancy rates between the two groups mirrored plug data, that is, 68.8% vs. 12.2%, respectively (Fig. 2) .
Effect of Diet on Sperm Count, Motility, and Progressive Measurements
Obese and lean male mice exhibited neither significant differences in the average weight of either testes or epididymis nor disparities in morphology or total sperm count collected from the cauda epididiymis (data not shown). However, obese males exhibited a 20% decrease in sperm motility (Fig. 3A) and no significant hyperactivated progression, an indicator of sperm viability and potential for fertilization (Fig. 3B) . In contrast, lean mice exhibited a 3-fold increase in sperm hyperactivity at 90 min after incubation (Fig. 3B) . Measurement of testosterone produced inconclusive results in both obese and lean mice (data not shown) but seemed to be comparatively similar.
Effect of Diet on Serum Glucose, Cholesterol, Triglycerides, Leptin, Insulin, and Pregnancy
Obese male mice exhibited notably elevated fasting levels of leptin (32.6 6 1.8 vs. 6.6 6 1.0 ng/ml) and insulin (5.4 6 1.3 vs. 1.0 6 0.3 ng/ml) at age 30 wk when compared to agematched lean littermates (Fig. 4A) . As hyperleptinemia and hyperinsulinemia were evidenced in obese males, pregnancy rates diminished in females that were mated with them, when compared to the same rates when mated with lean males (12.2% vs. 68.8%, respectively; Fig. 4A ). The associations are striking and account for an approximate 5-fold increase in both insulin and leptin in association with a 5-fold decrease in the pregnancy rate. Significantly elevated serum glucose, cholesterol, and triglycerides were also determined in obese vs. lean mice (Fig. 4B) .
Effect of Diet on Testicular Gene Expression Determined by RT-PCR Arrays
Further investigation of mechanisms that may hinder male fertility as a consequence of diet-induced obesity was achieved through the analysis of mRNA from total testicular extracts. In addition to altered serum biochemistry, the expression of several genes important to competent reproduction was also seemingly impacted by diet. Peroxisome proliferator activated receptor gamma (Pparg) was upregulated, 2.2-fold, while the mRNA of camp-responsive element modulator (Crem), src homology 2 adaptor protein 1 (Sh2b1), desert hedgehog (Dhh), insulin-like growth factor 1 (Igf1), and leptin receptor (Lepr) were downregulated 6.7, 1.4, 3.2, 1.6, and 7.2-fold, respectively ( Table 1) .
Effect of AA on the Fertility of Obese and Lean Male Mice
Diet-induced male obesity resulted in a significant reduction in fertility in comparison to age-matched lean littermates (Fig.   5 ). Further, obesity resulted in significant potentiation of AAinduced inhibition of male fertility in both obese and lean mice. However, the effect of AA was more severe in obese vs. lean littermates (Fig. 5 ). There were no significant differences in the average number of implants per litter determined in female mice impregnated by vehicle-treated lean or obese males (8.5 vs. 8.9, respectively; Fig. 6A ). In contrast, treatment of lean and obese males with AA significantly decreased the number of implants in mated females (approximately 30% and 60%, respectively; Fig. 6A ). Similarly, in the absence of AA, the number of live fetuses per litter was not affected as a consequence of diet. Females mated to either vehicle-treated lean or obese males produced litters in which .95% of the fetuses were live, but AA treatment of both lean and obese males severely inhibited the development of live fetuses by an estimated 60% and 89%, respectively (Fig. 6B) . The percentage of resorption in litters that were the outcome of vehicle-treated obese vs. lean males was statistically similar (1.5 vs. 2.8%, respectively; Fig. 6C ). However, litters resulting from matings between AA-treated lean males and untreated females produced an average of 63.5% resorption per litter (Fig. 6C) , and mating of AA-treated obese males with   FIG. 4. A) Comparison of serum leptin and insulin levels in fasted obese and lean male mice at age 30 wk and the percentage of pregnancies resulting from mating with B6C3F1 females. Denotes a significant increase in serum leptin and insulin in obese vs. lean mice. *Denotes a significant decrease in the percentage of pregnant females mated to obese vs. control males. B) Serum cholesterol, glucose, and triglycerides from fasted obese and lean male mice at age 30 wk. Denotes a statistical increase of these parameters in fasted obese vs. lean mice. Data represents the mean 6 SEM of four to eight male mice per group. Values were considered significantly different at P 0.05. untreated females produced litters with .90% resorption (Fig.  6C ).
DISCUSSION
Obesity trends in the United States and globally have steadily increased over the past 20 yr [1] . The global epidemic of obesity in both adults and children has also been associated with the global burden of an increased incidence of chronic illness, including physical disability, cardiovascular disease, hypercholesterolemia, hypertension, stroke, type 2 diabetes and other metabolic disorders, and cancer [1] . Further, an association between infertility and obesity has been demonstrated; however, most of these studies have primarily focused on the relationship between elevated BMI, or percent body fat, in females and reduced fertility [19, [33] [34] [35] [36] [37] . In contrast, the impact of obesity on male fertility has only recently begun to be explored, and in vivo studies using obese mice have produced varied results [11] [12] [13] [38] [39] [40] . Studies have reported that men with higher BMIs (.25) have quantitatively and qualitatively inferior sperm, decreased serum testosterone, and increased levels of estrogen and follicle-stimulating hormone than men with BMIs ranging between 20 and 25 [5, 12, 13] . Therefore, it was our hypothesis that diet-induced obesity would be associated with reduced male fertility as well as increased male susceptibility to environmental reproductive toxicants.
In the current study, we have demonstrated a significant reduction in male fertility in association with diet-induced obesity in mice. Although parameters such as sperm morphology and total sperm count were relatively similar in both lean and obese mice, pronounced differences were established between the two groups with regard to sperm motility and hyperactivated progression, indicating that obesity may play an important role in the reproductive capabilities of obese mice. These results support earlier work by Kort et al. [40] , who demonstrated a negative correlation between BMI and sperm motility in men: 18.6 million motile sperm in men of normal weight vs. 3.6 million in overweight men vs. 0.7 million in obese men. Denotes statistical difference in the number of resorptions resulting from mating with lean males treated with vehicle vs. AA (P , 0.0001). Data represents the mean 6 SEM of 111 female mice per group.
EFFECT OF DIET-INDUCED OBESITY ON MALE FERTILITY
Endocrine dysregulation has been shown to be a primary characteristic of male obesity. Of particular focus in the development and progression of disease within this dietinduced obesity model has been the uncoupling of the relationship between leptin and insulin. Earlier work conducted in this laboratory demonstrated that leptin and insulin resistance, exemplified by hyperleptinemia and hyperinsulinemia, respectively, fostered the development of obesity-related lesions, glomerulopathy, early steatohepatitis, and altered hepatic gene expression [41] . Secreted by adipocytes, leptin has been shown to have important regulatory functions in numerous physiological and biochemical processes, including appetite control, suppression of insulin secretion, inflammation, reproduction, and protection of nonadipose tissue from fat accumulation [42] [43] [44] . Studies have shown a direct relationship between elevated serum leptin concentrations and increased body fat percentages in both humans and rodents [41, 45] . In the current work, obese mice exhibited dyslipidemia, as evidenced by significantly elevated fasting serum cholesterol and triglycerides. Further, fasting serum leptin and insulin levels were 5-fold higher in obese vs. lean males in concert with a 5-fold reduction in fertility. Interestingly, leptin receptors (Lepr) in the testes of obese males were downregulated approximately 7.2-fold in comparison to control mice, an indication of leptin resistance. These data support earlier trends established in other tissues indicating an inverse relationship between serum leptin and expression of Lepr, specifically in the hypothalamus and liver [41, 46] . Independent mechanisms of oxidative stress through the generation of reactive oxygen species have also been attributed to hyperleptinemia [47, 48] . Thus, the downregulation of leptin signaling in the testes, continuous exposure to elevated serum lipids traversing the blood-testis barrier, and the accumulation of free radicals and fatty acids in the testes of obese mice presented in the current work may have collectively contributed to impaired testicular function and reduced pregnancy outcome. In concert with the aforementioned events, Pparg was upregulated 2-fold in the testes of obese vs. control mice. Elevated expression of Pparg may indicate the activation of a possible compensatory mechanism in order to manage and ultimately decrease excess fatty acids (endogenous ligands of Pparg) amassed in the testes of obese mice.
The increased secretion of insulin, as indicated by hyperinsulinemia, presents another manifestation of the reduced efficacy of leptin in diet-induced obese mice. Studies have also alluded to the suggestion that insulin imparts neuroendocrine regulation to mouse fertility [49, 50] . Mice with a neuron-specific disruption of the insulin receptor gene (NIRKO) displayed an obesity phenotype characterized by elevated triglycerides, insulin resistance, and hyperleptinemia, mirroring the pathologies of the diet-induced obesity model presented in the current work. Matings between male NIRKO mice and control females produced a 30% reduction in the number of offspring in comparison to control matings. The decline in male NIRKO fertility was attributed to decreased sperm count and impaired spermatogenesis as a result of insulin receptors mediating the synthesis and/or secretion of gonadotropin-releasing hormone [49] .
In the current model, adjuvant to elevated serum biochemistry in obese males, further analysis of testicular gene expression identified several more altered genes in obese vs. control mice. In particular, an approximate 2-, 3-, and 1.4-fold downregulation of Crem, Dhh, and Sh2b1, respectively, was determined in obese males (Table 1 ). All three genes have a critical influence on male fertility. Studies have identified Crem in male germ cells of both mouse [51, 52] and men [53] . It has been reported that mice and men without a functional Crem gene demonstrated impaired spermatid differentiation and were ultimately infertile [38, 52, 54, 55] . The importance of a fully functional Dhh gene in the reproductive health of male mice has also been shown in several studies [56, 57] . Using Dhh À/À mice, Clark et al. [57] demonstrated that in the absence of Dhh, male mice were rendered incapable of spermatogenesis as a consequence of dysfunctional myoid and peritubular cells. Sh2b1 has been identified as a contributor to sperm maturation, motility, and fertilization [38] . Earlier reports have also implied leptin signaling may play a regulatory role in sperm motility [58] . Considering these findings, in association with results from the present work, it appears the resistance of these mice to the actions of leptin in concert with the downregulation of Sh2b1 may have additively decreased motility and hyperactivated progression of sperm in obese mice. Additionally, studies using Sh2b1 À/À mice have reported reduced fertility and developmental defects in gonadal organs [59] . In addition to its direct effects on fertility, Sh2b1 has functioned as a positive regulator of signaling pathways induced by insulin, Igf1, and leptin [60, 61] . Conversely, deletion of Sh2b1 has been associated with insulin and leptin resistance and promotion of obesity and diabetes [61] . Studies have shown that CYP2E1 plays an important role in the bioactivation of numerous environmental chemicals including toxins and procarcinogens [62] . In particular, CYP2E1-mediated metabolism of AA to its epoxide intermediate, glycidamide (GA), was shown to be a prerequisite step in AA-induced germ cell mutagenicity. Using Cyp2e1-null (Cyp2e1
) and wild-type (Cyp2e1 þ/þ ) male mice, earlier studies in this laboratory were performed in order to investigate the hypothesis that the formation of GA was responsible for the germ cell mutagenicity attributed to AA exposure [21] . Untreated female mice mated with AA-treated Cyp2e1 þ/þ demonstrated an increase in the number of chromosomally aberrant embryos (resorptions) and a subsequent decrease in the proportion of live fetuses, number of implants, and rate of pregnancy [21] . In contrast, female mice mated to AA-treated Cyp2e1 À/À males exhibited no significant adverse effects, indicating that AA-induced germ cell mutagenicity was dependent upon CYP2E1-mediated metabolism of AA [21] . In addition, studies have shown that CYP2E1 expression is induced in some disease states, including obesity [26, 28, 63, 64] . Therefore, we propose that CYP2E1 induction associated with obesity increases susceptibility to environmental chemicals and may specifically enhance the germ cell toxicity of AA.
Concurrent studies exhibited an approximate 40% increase in CYP2E1 expression in obese vs. lean males (Hoffler, Churchwell, Twaddle, Woodling, Bai, Doerge, Ghanayem, unpublished data). The present work demonstrated that the impact of orally administered AA, reproductive toxicity, and germ cell mutagenicity was exacerbated in obese male mice. Untreated females partnered with AA-treated obese males experienced a further decline in their rate of pregnancy and percentage of live embryos per litter. In contrast, the percentage of resorptions per litter escalated dramatically, approaching 92% in comparison to litters produced from matings between untreated females and vehicle-treated obese males or AAtreated lean males (1.5% and 63.5% resorptions per litter, respectively). These current findings support earlier results that showed the percentage of resorptions per litter approached 50% in matings between untreated females and average weight wildtype male mice treated with AA at 25 mg kg À1 day À1 [21] . The combination of diet-induced obesity in male mice and AA exposure at the same dosage produced mating outcomes in which the number of implants and live fetuses per litter were 102 reduced approximately 50% and 32%, respectively, whereas resorptions per litter increased an estimated 40% in comparison to earlier mouse studies in which obesity was not a variable [21] . Although there were no significant differences in the sperm count of AA-treated lean or obese mice in comparison to their age-matched vehicle-treated littermates, it is apparent that the reduced fertility associated with AA exposure was worsened by the obesity. Therefore, it is likely that the potentiation of AA-induced reproductive toxicity evidenced by the exaggerated percentage of resorptions per litter was mediated by increased bioactivation of AA to its proximate metabolite, GA, in obese mice resulting from CYP2E1 upregulation.
In conclusion, our work has demonstrated that diet-induced obesity leads to significant reduction in male fertility. Furthermore, current studies have shown, for the first time, an exacerbation of reproductive toxicity and germ cell mutagenicity resulting from oral exposures to AA in dietinduced obese male mice. Although testicular gene expression within the current work was determined using mRNA isolated from total testes, whereas the use of purified populations of testicular cells would have been ideal, it is probable that collectively, hyperinsulinemia, hyperleptinemia, and dysregulation of testicular gene expression associated with the consumption of a high-fat diet contributed to the impaired fertility of obese male mice. The present findings also suggest that obese men may be more susceptible to the effects of reproductive toxicants and possibly other environmental pollutants and carcinogens, especially those chemicals metabolized by CYP2E1. As the incidence of obesity continues to escalate as a consequence of lifestyle choices, decreased exercise, and consumption of diets rich in fat, male infertility is also increasing. It is possible that increased sensitivity of obese males to environmental chemicals such as AA, which are present in widely consumed foods, in particular French fries, may be one important factor contributing to the worldwide increase in the incidence of male infertility. Thus, continued exposure to environmental chemicals may impact human reproductive health, especially since the adverse effects of these chemicals appear to be exacerbated in states of metabolic disorder. With these considerations in mind, our diet-induced obesity animal model should be an effective tool for the further investigation of the role of diet in the development and progression of chronic disorders in humans.
